Introduction
Tight control of cell proliferation is required to ensure normal tissue development and to prevent cancer formation. In non-transformed cells, progression through the cell cycle requires anchorage to the extracellular matrix (Assoian, 1997) , whereas transformed cells are able to bypass this requirement, as demonstrated by their ability to grow in soft agar (Schwartz, 1997) . Deregulation of receptor tyrosine kinases is a common event in the development and progression of human cancers (Kolibaba and Druker, 1997) . Substantial evidence supports a role for the Met receptor tyrosine kinase in human tumorigenesis. Met is a receptor for hepatocyte growth factor/scatter factor (HGF/SF) (Bottaro et al., 1991) , a multifunctional factor that stimulates proliferation, motility and invasion of epithelial and carcinoma cells in culture (reviewed in Rosen et al., 1994) . HGF and/or the Met tyrosine kinase, are deregulated in human carcinomas, gliomas and sarcomas either through gene ampli®ca-tion (Koochekpour et al., 1997) , overexpression (Di Renzo et al., 1992; Ferracini et al., 1995) or through activating point mutations (Schmidt et al., 1997) . Although much is known about signal transduction pathways activated by receptor tyrosine kinases following acute stimulation of cells by growth factors, little is known about the steady state balance achieved by each signal in tumor cells and the consequence of this for anchorage independent and metastatic tumor growth.
Met was ®rst identi®ed as an oncogenic variant, TprMet (Park et al., 1986) , which resulted from a genomic rearrangement that fused tpr sequences encoding a leucine zipper upstream of the Met cytoplasmic tyrosine kinase domain (Rodrigues and Park, 1993) . This rearrangement generated a cytosolic fusion protein, where the Tpr leucine zipper promotes constitutive dimerization and activation of Met kinase activity in the absence of ligand (Rodrigues and Park, 1993) . From structure function analyses, it was determined that two tyrosine residues in the carboxy terminus of Tpr-Met are essential for cell transformation (Fixman et al., 1995 (Fixman et al., , 1996 Kamikura et al., 1996; Ponzetto et al., 1994) . One of these tyrosine residues binds the Grb2 and Shc adaptor proteins through their Src homology 2 (SH2) and phosphotyrosine binding domains, respectively (Fixman et al., 1996; Kamikura et al., 1996) . Moreover, this tyrosine residue is required for the recruitment and/or phosphorylation of multiple signaling proteins including the Gab1 and Cb1 docking proteins (Fixman et al., 1997) .
Transformation by the Tpr-Met oncoprotein correlates with phosphorylation of both Gab1 and Cb1 (Fixman et al., 1997) . Tpr-Met mutants that lack a Grb2 binding site, show signi®cantly reduced transforming activity and cell lines expressing these mutants display reduced phosphorylation of Gab1 and Cb1 (Fixman et al., 1997) . Gab1 is a member of a family of docking proteins that include Gab2 (Gu et al., 1998) and the Drosophila protein DOS (Raabe et al., 1996) .
Once phosphorylated, Gab1 recruits multiple signaling proteins including the tyrosine phosphatase SHP-2, p85 associated Phosphatidylinositol 3'-Kinase (PI3-Kinase) activity, phospholipase C-g and the Crk and CrkL adaptor proteins (Garcia-Guzman et al., 1999; Gual et al., 2000; Holgado-Madruga et al., 1996; Maroun et al., 1999; Sakkab et al., 2000) . In addition to recruiting the p85 subunit of PI3-Kinase and the Crk adaptor protein (reviewed in Miyake et al., 1997) , Cb1 also functions as a ubiquitin ligase (reviewed in Sawasdikosola et al., 2000) . Hence, both Gab1 and Cb1 can couple the Tpr-Met oncoprotein with numerous downstream signaling pathways.
Cell adhesion to the extracellular matrix promotes integrin clustering and focal adhesion assembly, which results in the activation of focal adhesion kinase (FAK) and the recruitment of a multiprotein signaling complex involving Src, paxillin, and p130Cas (Hanks and Polte, 1997; Schoenwaelder and Burridge, 1999) . Assembly of signaling complexes within focal adhesions propagates adhesion dependent signals to a number of downstream signaling cascades including the extracellular regulated kinase (ERK) and c-Jun Nterminal kinase (JNK) pathways (Dol® et al., 1998; Oktay et al., 1999) . ERK and JNK are members of the MAPK family involved in the regulation of cell proliferation, cell motility and apoptosis (reviewed in Garrington and Johnson, 1999; Tibbles and Woodgett, 1999) . The association of the Crk adaptor protein with p130Cas is required for the activation of JNK following cell adhesion to ®bronectin (Dol® et al., 1998; Oktay et al., 1999; Schlaepfer and Hunter, 1998) . However, some oncogenes, such as v-src which promotes tyrosine phosphorylation of p130Cas in an adhesion independent manner (Schlaepfer et al., 1994; Vuori and Ruoslahti, 1995) , bypass the anchorage requirement for cell growth.
Transformation of ®broblasts by Tpr-Met correlates with activation of the JNK pathway which is abrogated upon the introduction of dominant negative Grb2 constructs into Tpr-Met transformed ®broblasts (Rodrigues et al., 1997) . The mechanism through which the Tpr-Met oncoprotein promotes JNK activation and transformation downstream of Grb2 is not known. In this paper we show that in Tpr-Met transformed Fr3T3 ®broblasts, Crk associates with Gab1 in a tyrosine phosphorylation dependent but anchorage independent manner and that coupling of Gab1 with Crk enhances JNK activation. Together, our data support a model whereby a switch from p130Cas/Crk to Gab1/Crk interactions is an important event in Tpr-Met induced cellular transformation.
Results

Tpr-Met transformed fibroblasts lack actin stress fibers
It is poorly understood how the biochemical changes associated with cell transformation by tyrosine kinase oncogenes correlate with altered cellular morphology and anchorage independent growth. Fr3T3 rat ®bro-blasts transformed with the Tpr-Met oncoprotein have a spindle shape, display decreased cell spreading and possess few cell ± cell contacts when compared with Fr3T3 ®broblasts (Figure 1a , top panels). To characterize the cytoskeletal changes associated with TprMet transformation of Fr3T3 ®broblasts, cells were double stained with TRITC-phalloidin and vinculin antibodies to visualize bundled F-actin stress ®bers and focal adhesions, respectively. Fr3T3 ®broblasts display numerous F-actin actin stress ®bers and punctate vinculin staining throughout the ventral surface of the cell (Figure 1a , middle and bottom panels). In contrast, Tpr-Met transformed cells do not possess well de®ned F-actin stress ®bers or vinculin staining focal adhesions but contain strong actin staining at the ends of the cell (Figure 1a , middle and bottom panels).
In addition to a decreased ability to assemble an extracellular matrix, many transformed cells also have a reduced anity for binding extracellular matrix ligands such as ®bronectin (Ruoslahti, 1999) . The ability of control and Tpr-Met transformed ®broblasts to adhere to ®bronectin was determined by plating on dishes coated with various concentrations of ®bronec-tin (0.3 to 10 mg/ml). Tpr-Met transformed ®broblasts adhere more eectively at high concentrations of ®bronectin (10 mg/ml) but display decreased adhesion and spreading when compared with Fr3T3 ®broblasts (Figure 1c,b) . Plating of these same cells on ®bronectin (10 mg/ml) partially restores the ability of the Met transformed cells to form stress ®bers and focal adhesions ( Figure 1c , middle and bottom panels). However, their ability to form stress ®bers and focal adhesions remains compromised relative to control Fr3T3 ®broblasts plated under similar conditions ( Figure 1c , middle and bottom panels).
Decreased tyrosine phosphorylation of FAK, p130Cas and paxillin in Tpr-Met transformed fibroblasts Many proteins present in focal adhesion complexes are highly phosphorylated in adherent cells (Schoenwaelder and Burridge, 1999) . To determine the phosphorylation state of these proteins in the poorly adherent Tpr-Met transformed ®broblasts, whole cell lysates were subjected to immunoblotting with anti-phosphotyrosine sera (4G10). While Fr3T3 cells show robust tyrosine phosphorylation of proteins of 80 and 120 ± 130 kDa, in Tpr-Met transformed cells, the 80 kDa phosphoprotein is not detected and a decrease in phosphorylation of protein(s) of approximately 130 kDa is observed (Figure 2a ). In contrast, robust phosphorylation of a 65 kDa protein (Figure 2a ) that corresponds to Tpr-Met is observed (data not shown). Since FAK is 125 kDa and is highly phosphorylated in adherent cells (Guan and Shalloway, 1992) , we established if FAK tyrosine phosphorylation is altered in Tpr-Met transformed ®broblasts. Lysates prepared from serum starved cells grown on culture dishes were subjected to immunoprecipitation with FAK antibodies followed by immunoblotting with the 4G10 phosphotyrosine antibody. While FAK is tyrosine phosphorylated in serum starved adherent Fr3T3 ®broblasts, its tyrosine phosphorylation is barely detectable in Tpr-Met transformed cells (Figure 2b 
Crk association with p130Cas and paxillin is significantly impaired in Tpr-Met transformed fibroblasts
Tyrosine phosphorylated p130Cas and paxillin associate with the adaptor protein Crk through the Crk SH2 domain (reviewed in Matsuda and Kurata, 1996) . We reasoned that since p130Cas and paxillin are poorly phosphorylated in Tpr-Met transformed ®broblasts, Crk/p130Cas and Crk/paxillin complexes would be disrupted. Indeed, immunoprecipitating Crk and immunoblotting with p130Cas and paxillin antibodies revealed that both Crk/p130Cas and Crk/paxillin complexes were present in Fr3T3 ®broblasts but barely detectable in Tpr-Met transformed ®broblasts ( Figure 3b ). Equivalent amounts of Crk were immunoprecipitated from both cell lines (Figure 3b , lower panel) and similar levels of paxillin and p130Cas were present in lysates prepared from both cell lines (Figure 3c ). Both Crk/p130Cas and Crk/paxillin coupling have been shown to modulate cell migration (Klemke et al., 1998; Petit et al., 2000) . The loss of these complexes in Tpr-Met transformed cells prompted us to test the motility of these cells using in vitro wound healing assays. Interestingly, under serum starved conditions, both control and Tpr-Met transformed Fr3T3 ®broblasts were capable of wound closure (Figure 3d ).
Multiple proteins are tyrosine phosphorylated downstream of Tpr-Met (Fixman et al., 1997) . To establish if any of these are associated with Crk, we examined Crk immunoprecipitates from control and Tpr-Met transformed Fr3T3 ®broblasts by phosphotyrosine immunoblotting. In Fr3T3 ®broblasts, Crk co-immunoprecipitates with an 80 kDa phosphoprotein and a prominent 130 kDa phosphoprotein (Figure 4a , upper panel) which as expected corresponds to p130Cas (Figure 3b ). In contrast, in Tpr-Met transformed ®broblasts, Crk shows reduced association with the 80 and 130 kDa phosphoproteins but associates predominantly with one (or more) 120 kDa phosphoprotein(s) (Figure 4a , upper panel).
Crk forms complexes with Gab1 and Cbl in Tpr-Met transformed but not control Fr3T3 fibroblasts
To establish the identity of the 120 kDa phosphoprotein associated with Crk in Tpr-Met transformed ®broblasts, we examined two proteins, Cbl and Gab1, which are highly tyrosine phosphorylated in ®broblasts transformed with the Tpr-Met oncoprotein (Fixman et al., 1997) and based on SDS ± PAGE, migrate in the 120 kDa range. In addition, both Cbl and Gab1 have been previously reported to bind Crk in a tyrosine phosphorylation dependent manner downstream of growth factor receptors (Garcia-Guzman et al., 1999; Sakkab et al., 2000) . Immunoprecipitation of Crk from both Fr3T3 and Tpr-Met transformed ®broblasts and immunoblotting with Cb1 antibodies revealed the co-immunoprecipitation of Crk with Cb1 in Tpr-Met transformed ®broblasts but not in Fr3T3 ®broblasts (Figure 4b, upper panel) . Moreover, in accordance with previous results obtained from Langdon and co-workers (Andoniou et al., 1996) , both tyrosines 700 and 774 in Cb1 were required for binding to Crk (data not shown). Lysates prepared from Fr3T3 and Tpr-Met transformed Fr3T3 ®bro-blasts stably expressing HA-tagged Gab1 were immunoprecipitated with Crk antibodies and immunoblotted with HA antibodies. Gab1 and Crk co-immunoprecipitated in Tpr-Met transformed ®bro-blasts but not in Fr3T3 ®broblasts (Figure 4c, upper  panel) .
Gab1 contains six potential consensus binding sites for the Crk SH2 domain based on the presence of a proline residue three amino acids downstream of the phosphorylated tyrosine residue. To test whether these sites were required for binding Crk, wild-type Gab1 and a Gab1 mutant containing tyrosine to phenylalanine point mutations at each of these sites ( Figure 5a ) were transiently transfected into 293T cells with or without Tpr-Met. In the presence of Tpr-Met, wildtype Gab1 bound Crk as demonstrated by coimmunoprecipitation of HA-tagged Gab1 with Crk while mutation of all six sites (Gab1-DCrk) abolished binding to Crk (Figure 5b ). Equivalent amounts of Gab1 were expressed ( Figure 5c ) and Tpr-Met was expressed at similar levels where transfected ( Figure  5d ). Importantly, when co-expressed with Tpr-Met, the Gab1-DCrk mutant displayed an enhanced mobility in comparison with wild-type Gab1 (Figure 5c ), consistent with these tyrosine residues being sites of in vivo phosphorylation. Moreover, this mutant remains tyrosine phosphorylated as Gab1 contains additional tyrosine residues, which when phosphorylated bind SHP-2 and the p85 subunit of PI3-Kinase (Maroun et al., 1999 and data not shown).
Gab1 enhances JNK activation downstream of Tpr-Met in a Crk dependent manner
Several reports have documented the involvement of Crk in mediating JNK activation (Dol® et al., 1998; Tanaka et al., 1997) . Tpr-Met has been shown to activate JNK in a Grb2 and Crk dependent manner (Garcia-Guzman et al., 1999; Rodrigues et al., 1997) and ecient phosphorylation of Gab1 and Cb1 requires a Grb2 binding site in Tpr-Met (Fixman et al., 1997) . Thus, we established if Gab1 and/or Cbl couples Tpr-Met to JNK via the Crk adaptor protein by performing transient co-transfections of 293T cells with FLAG-tagged JNK1. While overexpression of Cbl did not enhance JNK activation (data not shown), overexpression of Gab1 enhanced Tpr-Met dependent JNK activation as assessed by an in vitro kinase assay ( Figure 6a ) and immunoblotting with a JNK phosphorylation speci®c antibody (Figure 6e ). However, a Gab1 mutant unable to bind Crk did not enhance JNK activation downstream of Tpr-Met to the same extent as wild-type Gab1 (Figure 6a,e) . Western blotting of whole cell lysates with FLAG antibodies demonstrated that equal amounts of JNK were expressed ( Figure  6b,f) . In addition, equal levels of HA-tagged Gab1 (Figure 6c,g ) and Tpr-Met (Figure 6d ,h) were present where transfected.
Crk/Gab1 complexes are maintained in Tpr-Met transformed cells grown in the absence of anchorage Adhesion dependent activation of JNK requires Crk/ p130Cas complexes (Oktay et al., 1999) and these complexes are lost when cells are placed in suspension (Vuori et al., 1996) (Figure 7a, upper panel) . To establish if Crk/Gab1 and Crk/Cbl complexes are maintained during anchorage independent growth, Tpr-Met transformed cells were grown in suspension and the tyrosine phosphorylation of Cbl and Gab1 was assessed. While Cbl was no longer tyrosine phosphorylated (Figure 7b, top panel) , the tyrosine phosphorylation of Gab1 was similar in cells grown under both adherent and non-adherent conditions (Figure 7c , top panel). Re-probing the blots with Cbl and HA antibodies demonstrated that equal levels of Cbl and Gab1 were immunoprecipitated (Figure 7b,c) . Consistent with the loss of Cbl phosphorylation, Cbl and Crk were uncoupled (Figure 7b , bottom panel) while Crk/ Gab1 complexes were retained in Tpr-Met transformed cells grown in suspension (Figure 7c, bottom panel) . To establish if JNK activity was maintained in TprMet transformed cells under non-adherent conditions, whole cell lysates prepared from serum starved cells were subjected to immunoblotting using phosphospeci®c JNK antibodies. JNK activity was maintained when Tpr-Met transformed cells were grown in suspension (Figure 7d, upper panel) and Tpr-Met transformed cells maintained in complete growth medium displayed slightly elevated JNK activity (Figure 7d , upper panel, S*). As a positive control, 
Discussion
Cellular transformation is associated with alterations in the cytoskeleton and anchorage independent growth that permits growth and survival of tumor cells as they migrate from the site of the primary tumor and invade neighboring tissues. Fibroblasts transformed by the Tpr-Met oncoprotein show extensive actin reorganization (Figure 1) , acquire the ability to grow in an anchorage independent manner (Kamikura et al., 2000; Rodrigues et al., 1997) and become invasive (Giordano et al., 1997; Kamikura et al., 2000) . A striking change in the morphology of these cells is indicative of TprMet mediated cytoskeletal rearrangements. Whereas Fr3T3 cells are¯at with prominent focal adhesions and F-actin stress ®bers, Tpr-Met transformed Fr3T3 cells are less adherent and adopt a spindle shape with extensive actin ruing at their tips and few F-actin stress ®bers throughout the cell (Figure 1a) .
Adhesion of cells to ®bronectin promotes focal adhesion assembly, with the subsequent recruitment and tyrosine phosphorylation of FAK, paxillin and p130Cas (Hanks and Polte, 1997; Schoenwaelder and Figure 6 Gab1 enhances JNK activity downstream of Tpr-Met in a Crk dependent manner. 293T and HeLa cells were transiently co-transfected with equal amounts of plasmid encoding Tpr-Met and wild-type Gab1 or Gab1-DCrk, along with a FLAG-tagged JNK1 expression plasmid. Lysates prepared from serum starved 293T cells were subjected to an in vitro JNK assay and GST-c-Jun phosphorylation was assessed by autoradiography (a). JNK activity in lysates prepared from serum starved HeLa cells was detected by immunoblotting with antibodies against phosphorylated JNK (e). Whole cell lysates were subjected to SDS ± PAGE, transferred to nitrocellulose and immunoblotted with antibodies against FLAG (b and f), HA (c and g) and Met (d and h) Figure 7 Gab1/Crk complexes are retained in Tpr-Met transformed Fr3T3 ®broblasts grown in suspension. (a) Fr3T3 ®broblasts grown on culture dishes were serum starved overnight. One half of the plates were used to make lysates (A) whereas the cells on the remainder of the plates were trypsinized and placed in suspension for 2 h prior to lysis (S). Crk was immunoprecipitated from the lysates and the co-immunoprecipitation with p130Cas was established by immunoblotting with anti-p130Cas. p130Cas expression levels in whole cell lysates were assessed by Western blotting. (b, c and d) Tpr-Met transformed Fr3T3 ®broblasts were grown for 2 days on regular culture dishes (A) or in suspension (S) on dishes coated with 1% agarose. Cells were serum starved overnight and lysed. Cb1 (b, upper panels) and Gab1 (c, upper panels) were immunoprecipitated, immunoblotted with phosphotyrosine antibodies and re-probed with Cb1 or HA antibodies, respectively. Crk was immunoprecipitated and immunoblotted with Cb1 (b, lower panel) or HA (c, lower panel) antibodies. (d) Activation of JNK was examined in serum starved Tpr-Met transformed cells grown on regular culture dishes (A) or in suspension (S) using a phosphospeci®c JNK antibody. The blot was then re-probed with anti-JNK. As a positive control, Tpr-Met transformed cells were irradiated with UV for 60 s , 1999) . Tpr-Met transformed cells display both reduced adhesion to and ability to spread on ®bronectin when compared with control Fr3T3 ®bro-blasts (Figure 1b,c) . Notably, the phosphorylation of FAK, p130Cas and paxillin in Tpr-Met transformed cells is signi®cantly reduced or not detectable, in comparison with control Fr3T3 cells (Figures 2b,c  and 3a) . Absence of tyrosine phosphorylation of FAK, paxillin and p130Cas in Tpr-Met transformed cells may re¯ect a decrease in b1 integrin levels observed in TprMet transformed cells (data not shown) and the accompanying decrease in integrin dependent focal adhesions. Alternatively, since several phosphatases are involved in the dephosphorylation of FAK and associated focal adhesion proteins (Angers-Loustau et al., 1999; Yu et al., 1998) , decreased tyrosine phosphorylation of focal adhesion proteins may re¯ect enhanced phosphatase activity. However, treatment of Tpr-Met transformed ®broblasts with tyrosine phosphatase inhibitors such as pervanadate or peroxovanadium failed to promote cell spreading (data not shown) and FAK tyrosine phosphorylation in pervanadate treated Tpr-Met transformed cells was signi®cantly reduced when compared with control Fr3T3 ®broblasts (data not shown). Hence, the reduced FAK tyrosine phosphorylation observed in Tpr-Met transformed cells is unlikely to be caused by the activation of a tyrosine phosphatase downstream of Tpr-Met. Cell motility has been correlated with FAK tyrosine phosphorylation (Cary et al., 1996; Owen et al., 1999; Sieg et al., 1999) and the formation of Crk/p130Cas or Crk/paxillin complexes (Klemke et al., 1998; Petit et al., 2000) . Under serum starved conditions, Tpr-Met transformed cells are capable of wound closure to a similar extent as control ®broblasts (Figure 3d ) demonstrating that decreased FAK tyrosine phosphorylation and decreased formation of either Crk/p130Cas or Crk/paxillin complexes do not impair cell motility. However, whereas Fr3T3 ®broblasts adopt a crawling mechanism, as observed by time-lapse video microscopy, Tpr-Met transformed cells move by means of cell elongation and contraction (data not shown). This suggests that cell motility may be mediated by distinct signals in Tpr-Met transformed cells. This may include CD44, a protein involved in cell motility which is upregulated in Tpr-Met transformed cells and co-localizes with actin at the ends of the cell (Kamikura et al., 2000) .
The growth of transformed cells in an anchorage independent manner is thought to re¯ect their ability to independently activate pathways such as those downstream of Crk and JNK normally activated upon adhesion to the extracellular matrix. For example, vSrc elevates p130Cas tyrosine phosphorylation and enhances JNK activation (Minden et al., 1995; Sakai et al., 1994) . Furthermore, p130Cas de®cient ®bro-blasts transformed with v-src are unable to grow in suspension (Honda et al., 1998) , supporting a role for p130Cas in JNK activation and DNA synthesis (Dol® et al., 1998; Oktay et al., 1999) . In contrast to v-src transformed cells, Crk fails to associate with p130Cas in Tpr-Met transformed cells (Figure 3b ) and instead, Crk associates with two highly tyrosine phosphorylated proteins, the Cbl and Gab1 docking proteins (Figure 4 ). Consistent with a role for Crk mediated activation of JNK, the coupling of Gab1 with Crk is required for Gab1 dependent activation of JNK downstream from Tpr-Met (Figure 6a ,e) whereas coexpression with Cbl fails to enhance JNK activation (data not shown). This supports previous studies showing that Gab1 overexpression enhances HGF dependent JNK activity and dominant negative mutants of Crk inhibit Met dependent JNK activation (Garcia-Guzman et al., 1999) . However, Tpr-Met dependent JNK activity was still observed in the presence of a Gab1-DCrk mutant (Figure 6a, e) suggesting that there may be more than one mechanism leading to JNK activation downstream of Met and Gab1. Importantly, Gab1 remains highly phosphorylated and coupled with Crk in Tpr-Met transformed cells grown in suspension (Figure 7c ), thus promoting JNK activation (Figure 6a) . Hence, the formation of Gab1/Crk complexes provides a mechanism through which Tpr-Met potentiates growth in the absence of adhesion (Figure 8 ). In addition, Met dependent Gab1/Crk interactions were also shown to enhance the expression of MMP-1 (GarciaGuzman et al., 1999) and the activation of Rap1 (Sakkab et al., 2000) . Together, these data support a role for Gab1 in multiple pathways that contribute to Met dependent cell transformation.
The observation that cells transformed with the Neu oncoprotein (Lo et al., 1999) or the insulin-like growth factor-1 receptor (Guvakova and Surmacz, 1999 ) also display reduced tyrosine phosphorylation of FAK, paxillin and p130Cas, suggests that this may be common in human tumors harboring deregulated or oncogenically activated receptor tyrosine kinases. The switch from Crk/p130Cas to Crk/Gab1 complexes in cells transformed by Tpr-Met provides a novel mechanism for the activation of Crk dependent pathways independent of adhesion to the extracellular matrix (Figure 8 ), suggesting that phosphorylation of the Gab1 docking protein and its coupling with Crk may play an important role in the anchorage independent growth of human tumors. 
Materials and methods
Antibodies
Dr Michel Tremblay (McGill University) kindly provided polyclonal p130Cas antibodies. Antibodies for Crk, paxillin and FAK were purchased from Transduction Laboratories (Lexington, KY, USA). TRITC-phalloidin and antibodies against vinculin and FLAG (M2) were from Sigma (Oakville, Ontario, Canada). Anti-mouse Alexa 488 was obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). JNK and a phosphospeci®c JNK antibody directed against phosphorylated threonine 183 and tyrosine 185 were purchased from New England BioLabs (Nepean, Ontario Canada). All other antibodies were previously described (Fixman et al., 1997; Kamikura et al., 2000) .
Plasmids
Dr Nathalie Lamarche (McGill University) kindly provided pFLAG-CMV2-JNK1. The Gab1-DCrk mutant, containing a tyrosine to phenylalanine substitution at residues 242, 265, 307, 317, 373 and 406, was generated using the QuickChange site directed mutagenesis kit (Stratagene, La Jolla, CA, USA). All other expression plasmids have been described elsewhere (Fixman et al., 1995; Maroun et al., 1999) .
Cell lines
Fr3T3 ®broblasts overexpressing HA-tagged Gab1 were generated by calcium phosphate co-transfection with pcDNA1.1-Gab1 and pSV2neo. Following stable selection, these cells were then subjected to retroviral infection with pLXSN-Tpr-Met as described previously (Fixman et al., 1995) . All other cell lines have been previously described (Rodrigues and Park, 1993) .
Immunofluorescence
Cells (10 4 ) were plated on glass coverslips and ®xed the next day with 0.2% Triton X-100, 3.7% formaldehyde (in PBS) for 15 min. Cells were then blocked for 30 min in 1% bovine serum albumin (BSA) in PBS, stained with anti-vinculin (1 : 1000 dilution) followed by anti-mouse Alexa 488 (1 : 1000 dilution) prior to TRITC-phalloidin (1 : 1500 dilution). Coverslips were mounted using Immuno¯uore mounting medium (ICN, St Laurent, Quebec, Canada) and confocal images were taken on a Bio-Rad confocal microscope (Hercules, CA, USA).
Fibronectin plating
Twenty-four-well plates were coated with ®bronectin as described in (Yu et al., 1998) . 10 5 cells were plated per well and incubated for 60 min at 378C. Non-adherent cells were removed by rinsing twice with DMEM and processed for immuno¯uorescence as described above. Cells were also ®xed in 10% formalin buered phosphate and stained with Giemsa, which was then solubilized with 0.1% SDS.
Absorbances were measured at a wavelength of 596 nm. To examine FAK tyrosine phosphorylation, 60 mm dishes were coated with ®bronectin (10 mg/ml) and 6610 5 cells were plated. Sixty minutes post-plating, cells were rinsed twice and lysed in RIPA lysis buer, as described in (Kamikura et al., 2000) .
Preparation of cell lysates, immunoprecipitation and Western blotting
Serum starved cells were washed with ice-cold PBS prior to lysis in RIPA or 0.5% Triton X-100 lysis buer as described previously (Fixman et al., 1996) . Immunoprecipitation and Western blotting were performed as described previously (Fixman et al., 1996) .
JNK kinase assays
293T cells were transiently transfected and 48 h later, were serum starved overnight. The following day the cells were lysed in JNK lysis buer (20 mM HEPES pH 7.5, 300 mM NaCl, 1 mM EDTA, 2 mM MgCl 2 , 2 mM MnCl 2 , 0.5% NP40, 1 mM Na 3 VO 4 , 50 mM NaF). FLAG-JNK was immunoprecipitated from 250 mg of cleared lysates with 5 mg FLAG-M2 antibodies. Immune complexes were washed three times with JNK lysis buer and once with kinase buer (20 mM HEPES pH 7.5, 10 mM MgCl 2 , 10 mM DTT, 50 mM Na 3 VO 4 , 5 mM NaF and 20 mM b-glycerophosphate). Kinase reactions were carried out in kinase buer containing 2 mg GST-c-Jun, 10 mM ATP and 5 mCi [g7 32 P]ATP for 20 min at 378C. Four6Laemmli dye was added, samples were boiled and then subjected to SDS ± PAGE. GST-c-Jun was kindly provided by Dr James Woodgett (Princess Margaret Hospital, Toronto, Ontario, Canada).
Abbreviations BSA, bovine serum albumin; ERK, extracellular regulated kinase; FAK, focal adhesion kinase; HGF/SF, hepatocyte growth factor/scatter factor; JNK, c-Jun N-terminal kinase; PI3-Kinase, phosphatidylinositol 3'-Kinase; SH2, Src homology 2
